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A N N U A L R E P O RT

STEPPING FORWARD TODAY TOWARD A CURE TOMORROW

W

hile the current worldwide coronavirus quarantine has caused a few delays
in some of the research The Spastic Paraplegia Foundation is currently
sponsoring, you will be glad to know that incredible progress continues to
take place. Our most sincere and heartfelt thanks go out to you, the community at
large and to all of our generous supporters for making this possible. Let me tell you
about just some of the highlights of the breakthroughs that are taking place with the
research we are sponsoring with your generous support.

Frank Davis
SPF President

D

Research and Developments

r. Peter W. Baas, Ph.D., Professor, Neurobiology and Anatomy, College of Medicine,
Drexel University College of Medicine in
Philadelphia, PA. has been sponsored since
2017 by The Spastic Paraplegia Foundation in
his study entitled: “Cause of Nerve Degeneration in People with Hereditary Spastic
Paraplegia.”
Mutations of the SPAST gene, which encodes
for the microtubule-severing protein spastin,
are the most common cause of Hereditary
Spastic Paraplegia. Haploinsufficiency is the
prevalent opinion as to the mechanism of the
disease, but gain-of-function toxicity is another
possibility. A metaphor for haploinsufficiency
is the problem caused in a classroom when
a student or perhaps the teacher’s assistant
is absent. A metaphor for gain-of-function is
when a student in the classroom decides to be
noticeably disruptive.
Pre-clinical studies on human diseases
require a vertebrate model so that pathogenic
mechanisms and potential therapies can
be studied at the systems and behavioral
levels. Mainly driven by the assumption of
haploinsuffiency as the mechanism underlying
HSP-SPG4, two spastin knockout mouse models
have been generated, but phenotypic analyses

of these mice failed to
reveal locomotor deficits
such as those observed in
HSP patients.
Recently, a mouse
model that better reflects
the genetic aspect of HSPSPG4 was generated, with
the adult homozygotes
displaying a mild gait Dr. Peter W. Baas, Ph.D.
deficit. For this model,
a loss-of-function mutation (N384K) was
introduced into the endogenous mouse spastin
gene using CRISPR-Cas9-based techniques.
While the results on this mouse were touted
as supporting the happloinsufficiency model,
Dr Bass’ team disagree because if that were
the case, the knockout mice should display an
even more aggressive phenotype.
A more likely scenario is that the gait
deficiencies were caused by toxicity of the
mutant mouse spastin. Of potential importance
to the very mild phenotype is the fact that
human and mouse spastin sequences differ
within the M1-specific domain, which is the likely
culprit for the toxicity of the mutant protein.
Precedent exists for mouse counterparts of
pathogenic mutant human genes being
Continued on page 2
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non-pathogenic, and hence the possibility is
very real that the mutated mouse gene in the
CRISPR-Cas9-based mouse is less toxic than
its human counterpart.
Their mouse model was created for the
specific purpose of testing the merits of a gainof-function mechanism (disruptive student)
for the disease versus haploinsufficiency
(absent student). The fact that this mouse is
not haploinsufficient and expresses the human
version of the mutated SPAST gene are both
keys to achieving this purpose, as is the fact
that the mutation they chose does not produce
a protein with dominant-negative properties.
A dominant-negative mechanism is not
haploinsufficiency but is similar in the sense of
starving the system of functional protein.
This mouse displays no observable
disease phenotype until it reaches adulthood,
after which a spastic-like tremor and gait
deficiency become apparent.
The behavioral symptoms are
accompanied by corticospinal
degeneration, manifested as
progressive dieback of axons
within the tracks, which is what
occurs in the human disease.
This HSP-like phenotype was
achieved after crossing the
locked mouse with a ubiquitous
Cre mouse, without the need
for a Cre mouse that targets
expression
to
corticospinal
motor neurons or even to
the CNS, thus providing confidence that the
phenotype of the unlocked mouse reflects
the innate vulnerability of the corticospinal
tracts. This new transgenic mouse is not
haploinsufficient
but
expresses
human
spastin bearing the HSP pathogenic C448Y
mutation (SPASTC448Y mice). Understanding
the mechanism of the disease is the key to
developing appropriate therapies.

Downstream of the primary cause of the
disease are cellular effects, for example, on
microtubules. As indicated by post-translational
tubulin
modifications,
haploinsufficiency
results in an increase in microtubule stability,
whereas in HSP-SPG4 patient-derived neurons,
a consistent decrease in microtubule stability
has been observed.
Dr. Bass’ previous studies revealed that
expression of pathogenic mutants of SPAST,
especially the M1 isoforms, substantially reduce
microtubule stability. Consistent with these
latter findings as well as the studies on patientderived cells, this mouse displays the opposite
effect on microtubules as haploinsufficiency,
and yet better aligns phenotypically with the
symptoms of the disease. This is important
therapeutically if the plan is to treat patients
with microtubule-active drugs designed to
restore the microtubule array to normal.
Proponents of haploinsufficiency are using drugs such as
vinblastine at very low dosage
as treatment, with the idea that
the drugs will ‘destabilize’ the
microtubules that are presumed
to be overly stable. Ironically,
the drugs used at these levels
are actually kinetic stabilizers
of microtubules, and therefore
might actually help alleviate the
disease symptoms, but for the
opposite reason that the investigators presume. Of course,
the effects on microtubules are not the only
potential mechanism of axonal degeneration,
as spastin deficiencies and abnormalities have
also been implicated in malfunctioning of the
endoplasmic reticulum, lipid droplets, endosomes and molecular motor proteins. One of
the best arguments in favor of a loss-of-function
mechanism comes from work on Drosophila, in
which it was demonstrated that flies partially
depleted of spastin have seemingly normal axons, until those axons are amputated.

UNDERSTANDING
THE MECHANISM OF
THE DISEASE IS THE
KEY TO DEVELOPING
APPROPRIATE
THERAPIES.

If the cause of the disease is cytotoxic
mutant spastin (gain of function analogous
to the disruptive student) within corticospinal
neurons, then the best strategy would be to rid
the neurons of that cytotoxic protein, as well
as inhibit the pathogenic pathways activated
by it. A model based on haploinsufficiency
(absent student) would call for a very different
strategy, presumably restoring the
levels of functional spastin to normal.
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Expression of the mutant spastin was
documented from fetus to adult, but gait defects
reminiscent of Hereditary Spastic Paraplegia
(not observed in spastin knockout models) were
adult-onset, as is typical of human patients.
Results of histological and tracer studies on
the mouse are consistent with dying-back
of corticospinal axons, which is characteristic
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The first panel shows a normal mouse. Middle panel is a mouse with one mutant SPAST gene, and the third
panel is a mouse with two mutant SPAST genes. The mice are walking on a beam. Normal mouse does
fine, but the mice with the mutant SPAST genes do not walk very well on the beam.

of the disease. The SPASTC448Y mutation
alters microtubule stability in a manner
that is the opposite to the expectations of
haploinsufficiency. Neurons cultured from the
mouse display deficits in organelle transport
typical of axonal degenerative diseases that
are worsened upon endogenous mouse
spastin depletion. They conclude that the
axonal degeneration phenotype observed in
SPASTC448Y mice results from a toxic gainof- function mechanism (disruptive student),
with spastin haploinsufficiency (absent student)
exacerbating the toxicity. These findings, reveal
the need for a different therapeutic approach
than indicated by haploinsufficiency alone.
Relative to controls, which regenerate
fairly well, the spastin-deficient axons do not
regenerate. Thus, even though the axons
appear normal, they are more vulnerable
to insult when spastin levels are reduced. If
the same is true of vertebrate neurons, then
the reduced functional spastin levels in HSP
patients might make their corticospinal axons
particularly vulnerable to the toxic effects of
the mutant spastin proteins. Their present
studies on cortical neurons cultured from their
transgenic mouse demonstrate lysosomal
transport deficiencies that are made worse,
not better, by depletion of mouse spastin
using siRNA. This result supports the view
that haploinsufficiency exacerbates the cellular
defects resulting from the gain-of-function
toxicity of the mutant spastins.
Several lines of evidence from Dr Bass’
laboratory indicate that mutant M1 is the
cytotoxic culprit of the disease. Whether they
are using cultured vertebrate neurons, cultured
vertebrate non-neuronal cells, Drosophila
neurons or squid axoplasm, introduction of
mutant M87 is relatively harmless compared
to introduction of mutant M1, which produces
cytotoxic results. For both truncating mutations
and C448Y mutation, the mutant M87 is as
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stable as its wild-type counterpart, while the
mutant M1 is more stable than its wild-type
counterpart, suggesting that, at least in the
case of these mutations, mutant M1 is not only
more toxic than its M87 counterpart, but also
less prone to degradation.
Consistent with previous studies conducted
in cell cultures, in this mouse, there is a higher
proportion of M1 to M87 relative to wild-type.
The question arises as to why no behavioral
phenotype is observed in the mice (or most
human patients) until adulthood, if even
vanishingly low amounts of mutant M1 are
sufficient to elicit cytotoxic effects, at least on
organelle transport. In fact, they did observe
organelle deficits in neurons from newborn
SPASTC448Y mice, which is consistent with
their previous work. Dr. Bass suspects that the
severity of the cellular deficits is not sufficient to
elicit a phenotype at the behavioral or anatomical
levels until the animal reaches a certain age, at
which time the cellular deficits achieve a level
sufficient to elicit nerve degeneration, at least
in the case of the corticospinal tracts. No other
behavioral defects beyond those reported here
were obvious, but Dr. Bass made no efforts to
seek out other deficits, for example in cognition
or memory because their primary interests for
now are anatomical and movement behavioral
correlates of HSP.
The present results are consistent with
Dr. Bass’ previous studies indicating that
vanishingly small amounts of mutant protein
are sufficient to produce toxic effects at the
cellular level. An accumulation of mutant
protein in the distal region of the spinal cord
has been observed in a human patient and
recapitulated in their mouse, in which the
microtubule stability deficit is especially
pronounced in the distal region of the cord.
Collectively, their results are consistent with an
accumulation of mutant M1 in the distal
Continued on page 4
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axons of the corticospinal tract causing the
axonal degeneration observed in SPASTC448Y
mice, with haploinsufficiency contributing to
the vulnerability of these axons to the toxicity
of the mutant protein. This mouse will be
useful for further testing this conclusion and for
screening potential treatments.
In moving forward, Dr. Bass’ team is
now testing their new hypothesis that gainof-function toxicity of mutant spastin is the
mechanistic cause of the disease but that
spastin haploinsufficiency is a significant
exacerbating factor. Their current efforts
have been invested in crossing their mouse
with the knockout mouse to see if the disease
symptoms are exacerbated – and they are.

D
Dr. Gerardo A.Morfini, Ph.D.

r.
Gerardo
Andres
Morfini, Ph.D., Associate Professor, University of Illinois at Chicago has
been sponsored by The
Spastic Paraplegia Foundation since 2017 with his
research entitled “Understanding how mutant
Spastin affects the intracellular moment of
organelles”.

For over a decade, Dr. Morfini has been
studying the role of specific protein kinases
on the progressive axonal pathology that
characterize many diseases such as Alzheimer’s,
Huntington’s and Parkinson’s disease. Using
various genetic and cell biological approaches,
his current research program aims to provide a
novel conceptual framework for the development
of therapeutic strategies that help maintain
neuronal connectivity in many neurological
diseases.
The most common type of HSP involves
mutations in the SPG4 or SPAST gene,
which encodes the microtubule severing
protein spastin. SPG4 HSP causes a gradual
degeneration of upper motor neurons, which
are some of the largest cells in the human body.
Voluntary movements originate in these cells,
which are located in the motor cortex region
of the brain. From this location, upper motor
neurons extend long axons, cellular projections
functionally analogous to electrical cables,
all the way down to the spinal cord.
These axons provide a physical means
4

by which upper
motor neurons
communicate
with
other
n e u r o n s
that
directly
control muscle
contractions.
As these axons
progressively
degenerate
in HSP, upper
motor neurons
are
eventually
unable to communicate with their targets and
dictate voluntary muscle movements.

THE MOST
COMMON TYPE
OF HSP INVOLVES
MUTATIONS IN THE
SPG4 OR SPAST
GENE

Two major mechanistic models have been
proposed for how mutations in SPAST and other HSP-related genes trigger degeneration of
upper motor neurons and their axons. In one
model, degeneration of upper motor neurons
results from reduced levels of functional spastin protein (happloinsufficiency mechanism),
whereas an alternative model posits that SPAST
mutations would confer upon mutant spastin
protein a toxic effect (gain-of-function mechanism). Understanding the extent to which these
mechanisms contribute to SPG4-HSP represents a critical step towards the eventual development of effective therapeutic strategies.
At the time Dr. Morfini received SPF funding,
several issues made an evaluation of the
disease mechanisms difficult. A major issue
was the lack of animal models where upper
motor neurons can be unequivocally identified
and studied.
Taking advantage of mouse
models previously generated at the laboratory
of their collaborators, Dr. Peter Baas (Drexel
University) and Pembe Hande Ozdinler, Ph.D.
(Northwestern University), they generated and
characterized a novel SPG4-HSP mouse model,
where upper motor neurons are fluorescently
labeled. These mice were termed “spastinC488Y reporter mice”, based on the specific
SPAST mutation involved (C488Y) and the
fact that fluorescent upper motor neurons are
easily identifiable under the microscope from a
myriad of other neuronal cell types.
Spastin-C488Y reporter mice allowed them
to evaluate, for the first time, the extent to
which a toxic gain-of-function mechanism can
promote degeneration of upper motor neurons
in SPG4-HSP. An analysis of these mice revealed
alterations in upper motor neurons, including
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progressive degeneration of their long axons.
Because spastin-C488Y reporter mice express
normal levels of functional spastin, these
findings indicated that toxic effects of mutant
spastin protein suffice to trigger degeneration of
upper motor neurons. Innovative aspects of this
research are two-fold: 1) Addressing a major
limitation of prior HSP research, their studies
specifically addressed effects of mutant spastin
protein on upper motor neurons, the main cell
type affected in HSP; and 2) Unprecedented
in the HSP field of research, the strategies
used to generate spastin-C488Y reporter mice
provided a foundation for the generation and
study of mouse models for HSP variants beyond
SPG4-HSP.
Having confirmed that a gain-of-function
mechanism indeed contributes in SPG4-HSP,
a major question derived from these findings
was: What toxic effects are triggered by mutant
spastin protein that could cause degeneration
of upper motor neuron axons?
Mammalian upper motor neurons are
notoriously difficult to study. Their complex and
intimate relationship with other cells makes it
impossible for scientists to dissect them and
study directly. However, this is not the case for
giant axons of the Atlantic squid Loligo pealeii,
which resemble human axons at both structural
and functional levels. Unlike axons from mouse
and human neurons, however, squid giant
axons can easily be removed, viewed under
a microscope, and exposed to mutant spastin
protein with the goal of revealing specific cellular
processes affected.
Using squid giant axons, Dr. Morfini’s prior
studies revealed that mutant spastin proteins
inhibit axonal transport, a cellular process
involving the movement of molecules and
organelles within axons. Such movement is
essential for the sustained maintenance of
axons throughout life. Remarkably, it was
found that the toxic effect of mutant spastin on
axonal transport involved abnormal activation
of CK2 (casein kinase 2), a protein that impairs
normal function of molecular motors that
mediate axonal transport. This finding bears
significant implications for the development of
HSP therapies, as CK2 inhibitor drugs are being
developed to treat certain forms of cancer.
Together, the development and characterization of spastin-C488Y reporter mice and the
identification of CK2 as molecular component
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mediating the toxic effect of mutant spastin on
axonal transport has set the stage for additional
studies aimed to determine whether CK2 inhibition prevents upper motor neuron degeneration
in SPG4-HSP.
Preliminary studies revealed dramatic
alterations in CK2 localization in spastinC488Y reporter mice, and current studies are
evaluating whether these alterations correlate
with increased activation of this molecular
target. In collaboration with Dr. Peter Bass,
Dr. Morfini has submitted an RO1 application
(R01NS118177) to the NIH to pursue these
findings, receiving a very promising score (25%
in its first submission). It is their hope that the
support they received from the SPF will help
them advance their research project and make
discoveries that will greatly improve the lives of
those suffering from HSP.

X

ue-Jun Li, Ph.D., Associate Professor, Department of Biomedical Sciences, Regenerative Medicine & Disability Research (RDMR)
Lab., University of Illinois
College of Medicine, Rockford , IL. has been sponsored by The Spastic Paraplegia Foundation since
2018 for her study entitled:
“Using Patient-Specific
Neurons to Explore the
Treatment of HSP and
PLS through Regulating
Dr. Xue-Jun Li, Ph.D.
Mitochondria”.
Dr. Xue-Jun Li and Dr. Mathew ThoppilMathew head up the RMDR lab, the primary
focus of which is fighting human motor neuron
diseases. By combining stem cell biology,
bioengineering, biomaterials, system biology,
pharmacology and medicine research, the
RMDR lab aims to identify therapeutic agents,
novel biomaterials and innovative approaches
to improve the clinical practices and to provide
better health care to patients with disabilities.
The recent study that The Spastic Paraplegia
Foundation sponsored with Dr. Li was proposed
to focus on determining the role of mitochondrial
dynamics in HSP using patient-specific induced
pluripotent stem cells (iPSCs), with the ultimate
goal to identify novel therapeutic targets to
develop treatment for HSP. In Dr. Li’s previous
Continued on page 6
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SPF sponsored study they had generated
patient-specific nerve cells from iPSCs of
patients with SPG11 and SPG48 and revealed
critical defects in mitochondria, the powerhouse
of the cells. It was hypothesized that these
mitochondria defects are the cause of nerve
degeneration.
Mitochondrial membrane potential (MMP)
in these SPG11 and SPG48 neurons was
measured after being stained with fluorescent
dye
tetramethylhodamine
methyl
ester
(TMRM) which reflects mitochondrial health.
They observed significant reductions of
TMRM fluorescence intensity in SPG11 and
SPG48 cortical projection neurons compared
to that in normal neurons, revealing reduced
mitochondrial health in SPG11 and SPG48
neurons.
They first examined whether a selective
Drp1 inhibitor peptide can restore mitochondrial
morphology in SPG11 and
SPG48
cortical
projection
neurons. Cortical projection
neurons in different groups
were treated with this peptide
or a vehicle control. Compared
to cortical projection neurons in
the normal control group, there
were significant reductions in
mitochondrial length, aspect
ratio and density in SPG11
and SPG48 cortical projection
neurons. The mitochondriatargeting peptide improved
mitochondrial health in SPG11
and SPG48 cortical neurons.

D

r. John K. Fink, M.D., Professor of Neurology,
University of Michigan Medical Center, Ann
Arbor, MI. has been
the Medical Advisor for
The Spastic Paraplegia
Foundation since 2002. Dr.
Fink has been sponsored
by The Spastic Paraplegia
Foundation since 2017
on his study entitled:
“Biomarker Discovery
for
Primary
Lateral
Dr. John K. Fink, M.D.
Sclerosis”.
“Biomarkers”
are
clinically
testable
measures that are specifically associated with
the condition. It is critical for good biomarkers
to be established before any Clinical Trials can
begin because the progress of a clinical trial
cannot be measured without biomarkers for
measurement. For example, a biomarker of
liver disease is a rise in certain liver-specific
enzymes in the blood.  An ideal
biomarker is one that changes
as the condition progresses.

IT IS CRITICAL
FOR GOOD
BIOMARKERS TO
BE ESTABLISHED
BEFORE ANY
CLINICAL TRIALS
CAN BEGIN

To determine the protective effect of the
peptide, they examined the mitochondrial
health in SPG11 and SPG48 groups treated with
this peptide or a vehicle control. Interestingly,
after the treatment of this peptide selective
Drp1 inhibitor, The TMRM fluorescence intensity
was significantly increased, demonstrating
the improvement of mitochondrial health in
diseased neurons.
Dr. Li and colleagues will further examine
how this small peptide rescues disease phenotypes to identify a therapeutic target. They
will investigate the protective effects of this
small peptide against neurodegeneration in
long-term cultures to determine its efficacy.
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Dr Fink’s objective is to
discover molecules in the blood
that are uniquely present in
subjects with Primary Lateral
Sclerosis and are absent in
control individuals and absent
in subjects with other disorders
affecting
motor
neurons
(hereditary spastic paraplegia
(HSP) and amyotrophic lateral
sclerosis
(ALS).
They
are
examining a class of molecules
that regulate the activity of
genes. Other laboratories have shown that
this type of analysis has identified potential
biomarkers in subjects with ALS. In addition,
they have agreed to collaborate and share their
samples with other researchers so they can
analyze potential chemical biomarkers, other
than microRNAs, including proteins and small
molecules.
In practice, there are a number of complex
and interrelated issues that significantly impact
this project; factors which could significantly
affect their results (and the reproducibility of
their study). These issues are exacerbated
by only having a limited number of subjects.
MicroRNAs are quite variable including variation
between individuals, variation depending on
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time of the day, variation depending on the
stage of the disease and various physical
states. It is also affected by storage and
handling. Each of these factors impacts their
analysis and so are carefully normalized as
much as possible. What’s more, the analysis of
each sample is very expensive and therefore
they took great care in determining the exact
manner for obtaining and handling each
sample.
Eventually, they decided that rather than
processing samples immediately (which is
associated with least sample degradation
and generally permits analysis of more
microRNAs), they chose to freeze each sample
overnight. While permitting a degree of sample
degradation, this method allows more direct
comparison between samples obtained from
subjects at a distance (including samples
obtained off-site) with those obtained at the
University of Michigan; and furthermore,
permits samples to be obtained at the same
time relative to the subject’s meal time.
COVID-19 restrictions at the University of
Michigan (and other Universities) has caused a
temporary halt in research subject recruitment
and research blood drawing. They are not
permitted to obtain samples from either control
subjects or individuals with PLS, HSP, or ALS.
All laboratory work is basically stopped except
critical maintenance tasks. They expect these
restrictions to be lifted in June and their analysis
can resume. If so, they expect to complete
sample analysis by the end of the summer and
should have data to present on the SPF website
and Synapse Newsletter. Please stay tuned.

D

r. Lara Marrone &
Professor
Mimoun
Azzouz, Ph.D., ERC
Advanced
Investigator,
Chair
of
Translational
Neuroscience,
Deputy
Head,
Neurology
Unit
Director of Research and
Innovation,
Sheffield
University,
United
Dr. Lara Marrone
Kingdom were sponsored
by The Spastic Paraplegia Foundation since
2017 in their study entitled: “Gene therapy
for spastic paraplegia type 15 (SPG15)”
The focus of their research is to develop gene
therapy approaches for diseases of the brain and
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spinal cord. Gene therapy
is a rapidly-evolving field
that uses genes, instead
of drugs, to treat diseases.
More
precisely,
when
genetic mutations cause
a protein to be faulty or
absent, gene therapy aims
at providing a normal copy
of the gene to restore
Mimoun Azzouz, Ph.D.
protein to normal levels.
Due to their remarkable ability to target cells,
viruses are often used as carriers for gene
therapy. Basically, the therapeutic gene is
transferred into cells using virus carriers which
have been modified to remove all harmful
properties. Adeno-associated viruses (AAV)
are the most commonly used viruses in gene
therapy because of their safety profile. AAVs
are modified in order to contain the human gene
of interest, while maintaining their ability to be
taken up by target cells. Following cell entry,
the protein encoded by the delivered gene is
produced and compensates for the absence of
the endogenous protein. Because hereditary
spastic paraplegia (HSP) type 15 is caused by
the lack of SPG15 protein, it classifies as an
ideal candidate for gene therapy. However, the
SPG15 gene sequence is unusually large and
exceeds the packaging capabilities of AAVs.
Their current efforts are directed to overcome
this technical challenge. Proteins are typically
composed of distinct domains, each of which
contributes to a particular function or provides
structural aid. For instance, the SPG15
protein has been implicated in a process
called autophagy, during which dysfunctional
proteins or cell parts are actively recycled to
re-use their building blocks for other purposes.
SPG15 plays a critical role in the formation
and resolution of the vesicles responsible for
engulfing the worn-out material destined to
disassembly. Importantly, certain parts of a
protein, called “domains”, are less crucial than
others in determining the ability of the protein
to perform its assigned role within the cell. This
means that some domains may be removed
from a protein without necessarily having a
disruptive impact on its function. After carefully
analyzing SPG15 protein structure, they broke
down its sequence to generate a number of
shorter fragments containing different sets
of domains. Their prediction is that at
Continued on page 8
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least one of these fragments will retain most of
the functions of the full-length protein and be
amenable to AAV packaging for gene therapy.
They have been actively engaged in developing
models to recapitulate and study HSP type 15
in the laboratory. For instance, they have been
studying patient-derived cells in a dish and
investigating the behavior of rodents affected
by the disease. The shorter fragments of SPG15
gene, successfully generated in their lab, are
being tested in these cell models. Future studies
on their models will tell them whether this
strategy can be a practical approach to treat
the disease.

D

arius Ebrahimi-Fakhari,
M.D.,
Ph.D.,
Fellow,
Child
Neurology,
Boston Children’s Hospital
/
Harvard
Neurology
Program, Boston, MA &
Mustafa Sahin, M.D., Ph.D.,
Co-Investigator, Director Translational Neuroscience
Center,
Professor
of
Darius_Ebrahimi-Fakhari,
Neurology,
Harvard
Medical
M.D., Ph.D.
School, The F.M. Kirby
Neurobiology Center, Department of Neurology,
Boston Children’s Hospital, Boston MA, has
been sponsored by The Spastic Paraplegia
Foundation since 2018 in a study entitled:
“Generation of Human Nerve Cells from
Children with AP-4 Associated Hereditary

Spastic Paraplegia to Support a Search for
New Therapies”.
In biomedical research there are two general
approaches. The first approach is that of
“hypothesis-driven” research: A hypothesis or
question is generated and meticulously tested
to arrive at a binary answer: Yes the hypothesis
is true or No the hypothesis is wrong. Each
question generates a new question and the
answers paint the picture of what becomes our
understanding of a biological process. In a way
this is not unlike playing chess where every move
is planned carefully and a strategy is devised.
The second approach is that of “hypothesisagnostic” or “unbiased” screens: Here, we throw
a million darts at the target and see which of
them “stick”. We then work our way back to
an understanding of the underlying biological
process. This approach enables the discovery
of new concepts, pathways and targets.
In Dr. Ebrahimi-Fakhari & Dr. Sahin’s
research, they combine both approaches and
harness their advantages to discover new
therapies for hereditary spastic paraplegia.
They focus on a group of prototypical, yet poorly
understood forms of complex HSP in children and
young adults, called AP-4-associated HSP. This
includes four different genetic conditions that
are caused by mutations in genes that encode
subunits of the adaptor-protein 4 complex (AP4): SPG47 (OMIM #614066) caused by variants
in the AP4B1 gene; SPG50 (OMIM #612936)
caused by variants in the AP4M1 gene, SPG51

With the strong support from patients and their families they were able to generate induced- pluripotent stem
cells from four children with SPG47 and their parents. These cells allow them to produce neurons (nerve cells)
which become a model of the disease in a Petri dish. They use these neurons in their screening program to
identify new therapeutics. This allows them to test new drugs in an experimental model that is immediately
relevant to our patients. (Images used with permission.)
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Differentiate
SPG47 patient iPSC
lines into excitatory
cortical
neurons.
Characterize neurons
with
respect
to
expression of AP-4related phenotypes.
B. Develop a high
content
screening
for
well-annotated
FDA-approved small
molecules
using
patient-derived
cortical neurons.
As a first step, they used skin cells
from four children with SPG47 and
their parents to generate induced
pluripotent stem cells (iPSC). These
cells are capable of transforming into cells that
make up major tissues, including the central
nervous system.
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5. ATG9A
mislocalized
in iPSC-derived
cortical
neurons
from
AP-4-HSP
patients.
Fibroblasts
three Continued
families with
AP4B1-associated
HSP wer
Figure 6. is
Neurite
outgrowth is impaired
in iPSC-derived cortical
neurons
from AP-4-HSP
patients.
(A, B) iPSC-derived
cortical(A)
neurons
from patientsfrom
with AP4B1on page
10
associated HSP and their heterozygous same sex parent were analyzed using automated live cell imaging to assess neurite outgrowth and branching. Neurons were
grammed
into iPSCs
and is
subsequently
into excitatory
cortical
neurons
using
overexpression
of
neurogenin
2.cortical
iPSC-derived neurons were grown in 96 well plate
Neurite
outgrowth
impaired
in
iPSC-derived
cortical
neurons
from
AP-4-HSP
patients.
(A,
B)
iPSC-derived
monitored from 4 h post plating until fixation at 24 h. Automated image analysis revealed reduced neurite outgrowth (neurites are pseudo-colored in violet) with a
2019
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ubjected
to high-content
confocal
imaging
to
assess
the
localization
of ATG9A.
Immunocytochemistry
was
performed
neurons
from
patients
AP4B1associated
HSP
and
heterozygous
same
sex parent
were(C) analyzed
using for the neuronal marker Tuj-1 (red), ATG9A
shorter
average
neurite
length
andwith
a reduced
number of
branches
per cell
(cell
bodies their
are pseudo-colored
in orange)
in AP4B1-deficient
neurons.
At
24 h post
plating,

AP-4-deficient neurons
show
a robust increase
in high-intensity
juxtanuclear ATG9A
signal (marked in
yellow) compared
to control, similar
to more
live cell
imaging
assess
neurite
outgrowth
and ATG9A
branching.
Neurons
were
monitored
from
4 juxtanuclear
hmature
post neurons
plating area that overlapped with GM130 with lowe
), Golgiautomated
marker GM130
(pink)
andtonuclear
marker
DAPI (blue).
concentrated
to a
high-intensity

Using
an
established
differentiation
protocol, doctoral student Julian Teinert, with
the help of the staff at the Human Neuron Core
at Boston Children’s Hospital differentiated
the AP-4-HSP iPSCs into cortical neurons, the
type of neurons that, over time, degenerates
in HSP. Working with fellow student, Robert
Behne, Julian completed a morphological and
cellular characterization. They discovered that
these neurons share the ATG9A mislocalization
phenotype they have observed in fibroblasts
from the same individuals.
Furthermore,
they found that AP-4 deficient neurons show
impaired neurite outgrowth, which is an
important finding for a secondary screening.
They have been able to perform the
characterization of all neuronal cell lines using
high throughput methodology, including high
Human Molecular Genetics, 2020, Vol. 00, No.
00 9 throughput confocal microscopy. Thus,
they feel well-equipped to enter into the next
stage and work towards Aim B.
Neurite outgrowth is impaired in iPSCderived cortical neurons from AP-4-HSP
patients. (A, B) iPSC-derived cortical neurons
from patients with AP4B1- associated HSP
and their heterozygous same sex parent were
analyzed using automated live cell imaging
to assess neurite outgrowth and branching.
Neurons were monitored with 4 h post plating
until fixation at 24 h. Automated image analysis
revealed reduced neurite outgrowth (neurites
were pseudo-colored in violet ) with a shorter
average neurite length and a reduced number of
branches per cell (cell bodies are pseudo colored
in orange) in AP4B1-deficient neurons. (C) At
24 h post plating, AP-4-deficient neurons show
a robust increase in high-intensity juxtanuclear
ATG9A signal (marked in yellow) compared to
control, similar to more mature neurons at
day 7 post plating (Fig. 5). automated live
cell imaging to assess neurite outgrowth and
branching. Neurons were monitored from 4 h
post plating at day 7 post plating (Fig. 5). Scale
bar: 100 ?m (A); 20 ?m (C). HI, high intensity;
LoF, loss of function; WT, wild type.
Working towards Aim B, doctoral students
Kathrin Egerhardt and Barbara Brechmann,
using the high content imaging capacity of their
Assay Development and Screening Facility,
established a high throughput screen using 96well microplates. This approach allows them
to screen millions of cells and to test
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thousands of small molecules in a short period
of time. Kathrin and Barbara have been able
to establish protocols and assay parameters
that maximize use of robots and automated
microscopy. Their protocols ensure quality
metrics commonly employed in academic
and industry screening. After careful testing,
they have now established final parameters.
Standard quality metrics for cell based
phenotypic small molecule screen indicate that
their assay is performing well and is reliably
able to distinguish “disease” from “normal”.
They have now completed a screening of
~3,000 small molecules and identified ~25
drugs that corrected the cellular phenotype
towards “normal’. They are now embarking on
a much larger screen of 35,000 small molecules
with the hope to identify additional drugs that
can be tested in patient-derived neurons and
ultimately developed into future therapies.
This study has led to results that have been
summarized in four publications (3-6) already
with more pending. More importantly, this
study has allowed them to generate results
which have since allowed them to successfully
apply for additional funding and to establish
collaborations with other scientists in academia
and industry.
Publications: 1. Ebrahimi-Fakhari D, Cheng C, Dies K,
Diplock A, Pier DB, Ryan CS, et al. Clinical and genetic
characterization of AP4B1-associated SPG47. Am J
Med Genet A. 2018;176(2):311-8. 2. Ebrahimi-Fakhari
D, Behne R, Davies AK, Hirst J. AP-4-Associated
Hereditary Spastic Paraplegia. In: Adam MP, Ardinger
HH, Pagon RA, Wallace SE, Bean LJH, Stephens K, et
al., editors. GeneReviews((R)). Seattle (WA)1993. 3.
Teinert J, Behne R, D’Amore A, Wimmer M, Dwyer S,
Chen T, et al. Generation and characterization of six
human induced pluripotent stem cell lines (iPSC) from
three families with AP4B1-associated hereditary spastic
paraplegia (SPG47). Stem Cell Res. 2019;40:101575. 4.
Behne R, Teinert J, Wimmer M, D’Amore A, Davies AK,
Scarrott JM, et al. Adaptor protein complex 4 deficiency:
a paradigm of childhood-onset hereditary spastic
paraplegia caused by defective protein trafficking.
Hum Mol Genet. 2020;29(2):320-34. 5. Srivastava S,
D’Amore A, Cohen JS, Swanson LC, Ricca I, Pini A, et al.
Expansion of the genetic landscape of ERLIN2-related
disorders. Ann Clin Transl Neurol. 2020;7(4):573-8.
6. D’Amore A, Tessa A, Naef V, Bassi MT, Citterio A,
Romaniello R, et al. Loss of ap4s1 in zebrafish leads
to neurodevelopmental defects resembling spastic
paraplegia 52. Ann Clin Transl Neurol. 2020;7(4):584-9.
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T

he
SPF
sponsored
study
since
2018:
“Discovery
of
Novel
Mechanisms
Underlying HSP SPG3A”
is being conducted by
Dr. Holger Sondermann,
Ph.D., Associate Professor,
Department of Molecular
Medicine and his team
Dr. Holger Sondermann, Ph.D.
at Cornell University in
Ithaca, NY. Dr. Sondermann has been studying
SPF-related research for the past decade.
Manufacturers
recall
products
when
vulnerabilities are detected that could cause
their products to fail, potentially inflicting
harm to customers. The process involves an
investigation to identify the weak part that
needs to be exchanged or fixed. Similarly,
doctors and biomedical researchers alike strive
to detect, and ideally treat, the issues that
cause or contribute to diseases. A unifying
principle in both worlds is that one first needs to
understand proper function before diagnostics
and countermeasures can be applied. For
manufactured products, parts lists and design
plans are instrumental in the process. This
level of detailed understanding is incomplete
This figure show series of genes over-expressed
(red) or down-regulated in the SPG11 mice
compared to healthy mice.
Imaging of neuro-inflammation in PLS & HSP

at best when we think about human physiology
and the smaller entities that make up our body
– its cells.
Dr. Sondermann is a molecular biologist
who is interested in processes at the smallest
length scale – the level of proteins and their
specific activities that safeguard proper cellular
function. One can think of proteins as parts
of a network or machine, which need to work
together to ensure that the network fulfills its
function and works robustly. If a part of the
network malfunctions, for example due to an
inherited change in its makeup, it can affect
the function of the entire network, and in the
case of humans, the health of an individuum. In
the current study, Dr. Sondermann’s research
team focuses on hereditary spastic paraplegia
SPG3A and in particular on the protein atlastin
(or ATL in short), which is found mutated in
families with SPG3A. Previous work by several
laboratories had revealed ATL’s activity as a
protein that uses chemical energy to contribute
to mechanisms that ensure proper neuronal
activity. However, ATL’s neighbors in the cellular
network and its regulation in cells are still poorly
characterized, constituting a fundamental gap in
our understanding of the cellular building plan.
The SPF-supported project aims at discovering
novel control mechanisms for the wild-type
protein and its HSP-associated variants. The
research is exploratory in nature, meaning that
while it is based on scientific rigor and ample
preliminary data, it is difficult to predict its
exact outcome – a risk that is balanced by the
potential novelty and impact of the anticipated
discoveries.

T

he Study: “Identification of the neuronal transcriptomic signature associated with lysosomal defects in hereditary spastic paraplegia SPG11” since 2017
is being conducted by
Typhaine Esteves, Liriopé
Toupenet, Julien Branchu
Ph.D., Khalid El-Hachimi,
Frédéric Darios Ph.D.,
Daniel Stockholm and
Giovanni Stevanin Ph.D. at
the Institut du Cerveau,
Pitié-Salpêtrière Hospital,
Paris, France.
Mouse genes down-regulated (green) or up-regulated (red)
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Giovanni Stevanin, Ph.D.

Continued on page 12
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SPG11 is the second most frequent form
of hereditary spastic paraplegia in many
countries. It is caused by alterations of the
genetic information encoded by chromosomes
in one gene, also called SPG11. This gene is
responsible for the production of one protein
important for membrane recycling in the cells.
However, we do not know yet why the loss of
synthesis of this protein leads to the clinical
symptoms in patients.
They reproduced this disease in the mouse
by genetic engineering and observed that
before symptoms appear, there is a specific
accumulation of lipids in cellular compartments
of the cells involved in recycling. The project
funded by SPF was to analyze the expression
of all genes of the mouse chromosomes in
the brain of these mice to understand which
functions in brain cells are affected by the
mutation and lead to both lipid accumulation
and then clinical symptoms.
They observed specific deregulations (i.e.:
over-expression or down-regulation of the
expression of some genes) in mice affected by
the disease compared to healthy mice (figure).
First, many genes, and then the proteins they
code for, are involved in degradation/recycling
functions in cells which fits what we know
about the function of the protein encoded by
SPG11. In addition, close to 30% of the genes
deregulated are encoding enzymes involved
in the synthesis or degradation of lipids, again
in agreement with what we know about the
pathological process. Finally, there are genes
involved in inflammation that are also affected
suggesting that this process participates in the
severity of late stages of the disease.
Now that they have this profile of gene
expression in the brain of the whole genome
of mice affected by SPG11, they need to
validate the findings in vitro by modulating
the expression of these genes, one by one,
in cells from SPG11 mice and check if they
can increase or decrease the severity of
lipid accumulation and cell suffering. Genes
whose expression modulation will affect these
parameters will represent good targets for
therapeutic intervention in vivo in mouse first.
This work is ongoing and they have already
validated, in vitro, the interest of 2 of these
genes that represent promising targets for
potential treatments.
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S

abrina Paganoni, M.D., Ph.D. and her team
of researchers at Harvard University,
Massachusetts General Hospital (Boston,
MA) have been sponsored by The Spastic
Paraplegia Foundation since 2018 in their study
entitled: “What causes Upper Motor Neuron
problems in people with PLS and HSP?”
Dr. Paganoni and her
team are the first to
have found that neuroinflammation (a type of
inflammation that happens
in the brain) is implicated
in these diseases. How
does neuro-inflammation
affect the Upper Motor
Neurons? Think of the
telephone game when Sabrina Paganoni, M.D.,
Ph.D.
you whisper a message
and it gets distorted by the time it reaches
the last person, and the more outside noise
there is, the more the message gets distorted.
The brain is trying to send messages to the
spine and the Upper Motor Neurons are like
telephone cables. If neuro-inflammation causes
a lot of outside “noise”, that could reduce the
ability of the Upper Motor Neurons to function
properly. The study team is using a special
brain imaging technique called MRI-PET. They
collected over 50 scans in people with PLS
and HSP and compared them to hundreds of
scans from people who are either healthy or
have different neurological diseases such as
ALS (Lou Gehrig’s disease, a different disease
that can be initially confused with PLS). Results
show that the pattern of neuro-inflammation is
different in each disease. As an example, the
areas of maximum neuro-inflammation are
different in PLS compared to ALS, suggesting a

Figure 1: ALS is orange / PLS is blue
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possible new way of differentiating between the
two (figure 1). Results will provide important
insights into the causes of PLS, ALS and HSP
and will help identify ways to differentiate
between these diseases. In addition, this novel
imaging technique could be used to monitor
response to experimental treatments. This is
already happening in ALS trials and we hope
to be able to include this imaging technique in
clinical trials for PLS and HSP in the near future.

D

r. Hiroshi Mitsumoto
is the Wesley J. Howe
Professor of Neurology at Columbia University at The Neurological
Institute of New York and
New
York-Presbyterian
Hospital/Columbia University Medical Center. He
received the Donald C.
Dr. Hiroshi Mitsumoto
Mulder Award for achievement, leadership, and dedication in ALS from ALS Association in 1996. In
1998 he became the 5th recipient of the Forbes
Norris Award from the International Alliance of
ALS/MND Associations for his “compassion and
love of humanity in the study, management or
support of ALS/MND”. In 2000 he received the
Lou Gehrig Memorial Award from the MDA. In
May 3rd & 4th, 2019, The Spastic Paraplegia
Foundation was one of the main sponsors of the
second International PLS Medical Conference
in Philadelphia, PA. The previous International
PLS Medical Conference had been in 2004 in
California. It was also supported by The Spastic
Paraplegia Foundation.
The SPF Annual Report last year described
this conference in detail along with which
speakers spoke on what subject. Last years
Annual Report can be found on our website:
sp-foundation.org.
Several research programs and papers have
been published as a result of this conference.
Mitsumoto H., Chiuzan C., Gilmore M., Zhang
Y., Simmons Z., Paganoni S., Kisanuki Y.Y.,
Zinman L., Jawdat O., Sorenson E., Floeter M.K.,
Pioro E.P., Fernandes Filho J.A.M., Heitzman D.,
Fournier C.N., Oskarsson B., Heiman-Patterson
T., Maragakis N., Joyce N., Hayat G., Nations S.,
Scelsa S., Walk D., Elman L., Hupf J., McHale
B.; PLSFRS study group published a paper in
Feb 2020 entitled: Primary Lateral Sclerosis
(PLS) Functional Rating Scale: PLS-specific
Clinimetric Scale.
2019 Annual Report - Spastic Paraplegia Foundation

The research aim was to develop a novel
clinimetric scale sensitive enough to detect
disease progression in primary lateral sclerosis (PLS). A prototype of the PLS Functional
Rating Scale (PLSFRS) was generated. Seventy-seven participants with PLS were enrolled
and evaluated at 21 sites that comprised the
PLSFRS study group. Participants were assessed using the PLSFRS, Neuro-Quality of Life
(QoL), Schwab-England Activities of Daily Living (ADL), and the Clinical Global Impression
of Change scales. Participants completed telephone assessments at 12, 24, and 48 weeks
after enrollment. The PLSFRS demonstrated
internal consistency as well as intrarater, interrater, telephone test-retest reliability, and
construct validity. Significant changes in disease progression were detected at 6 and 12
months; changes measured by the PLSFRS vs
the ALSFRS-R were significantly higher.
Also in Feb, 2020 another paper was
published by Martin R. Turner, Richard J.
Barohn, Philippe Corcia, John K. Fink, Matthew B. Harms, Matthew C. Kiernan, John Ravits, Vincenzo Silani, Zachary Simmons, Jeffrey
Statland, Leonard H. van den Berg, Delegates
of the 2nd International PLS Conference, and
Hiroshi Mitsumoto entitled: Primary Lateral
Sclerosis: Consensus Diagnostic Criteria. A
much more precise and detailed diagnostic
criteria for PLS was made available to doctors
and neurologists worldwide.
Overall, this 2nd International PLS Medical
Conference proved to not only allow the top
PLS experts in the world to share very important information about PLS but also to ignite a
strong energy and commitment among these
scientists to continue to work together in a new
very concerted effort to find a cure or treatment for PLS.

T

hese studies continue to draw us so much
closer to the day when we can announce that a
cure or treatment has been found and people
with HSP and PLS may be cured. How wonderful
that day will be when we can tell over 135,000
people worldwide that their suffering has ceased.
When that day arrives, in the not so distant
future, you will know that it was only because of
your generous support that we have reached our
goal. Thank you again!
Sincerely,

Frank Davis
SPF President
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Would you like more information about us?

T

he Spastic Paraplegia Foundation, Inc. (“SPF”) is a not-for-profit
corporation that is a United States & Canada, volunteer-run, health
organization dedicated to funding cutting-edge scientific research to
discover the causes and cures for Hereditary
Spastic Paraplegia and Primary Lateral
Sclerosis, and to diminishing suffering by
education and support.
The SPF home corporate office is located at
1605 Goularte Place, Fremont, CA 945397241. A copy of our latest annual report or
financial statement may be obtained by writing to
this same address or calling 877-773-4483.

Financial
Activities
Where your dollars go
8%

92%
92% Mission
8% Management
and Administration

REVENUE
Donations
TeamWalk
Special Events
Program Fees & Products
Investment Income

2019
$917,643
18,795
29,500
46,120
20,022

2018
$736,884
36,275
15,500
47,957
10,869

2017
$545,375
37,789
17,500
27,700
2,420

$973,080

$816,485

$630,784

73,783
51,947

102,491
58,387

78,934
57,408

92%

87%

87%

Management and Administration
8%
Total Expenses
$125,730

13%
$160,878

13%
$136,342

NET ASSETS
(as of December 31)

$1,002,209

$648,858

$892,614

GRANTS PLEDGED

$800,000

$584,000

$900,000

Total Support and Revenue
DIRECT EXPENSES
Management and Administration
Program Expense
Mission

T

he Board of Directors continues to maximize your donations as 92% of each dollar
raised supports the foundation’s mission of research, information and support.
The majority of Program Expenses are the costs of holding our Annual Conference
which brings hundreds of people with HSP & PLS together with the world’s leading
HSP & PLS scientists for knowledge, support and fellowship. These costs are mostly offset by
Program Fees and Corporate Sponsorships.
Management and Administration which are valuable and necessary foundation expenses are
services which are donated to the foundation. Legal, accounting, income tax preparation,
management and medical grant review services are all provided at zero cost but are recorded
for tax purposes. We are pleased to report that a total of $900,000* has been approved for
research funding for 2020. This is made possible by the continued support of our generous
donors. 2019 was highlighted by the Match My Gift program. Over $535,000 was raised as
the result of anonymous donor matches. Our heartfelt Thank You goes out to you for your
continued support.
* SPF Board approved this higher amount after 2019 SPF Annual Report went to press.
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